A plane axisymmetrical coupled dynamic problem of thermomechanics for an electroconductive hollow cylinder under homogeneous non-stationary electromagnetic action is formulated. To construct its solution, the approximation of the determining functions the axial component of the magnetic field strength vector, the temperature, and the radial component of the displacement vector with respect to the radial variable by cubic polynomials is used. As the result, the initial-boundary problem for determining functions is reduced to a Cauchy problem with respect to the time variable for the integral characteristics of these functions. The expressions of integral characteristics are obtained in the form of a convolution of functions describing the uniform solutions and the given limit values of determining functions. As an example, the amplitude-frequency characteristics of the radial stresses in the given cylinder are analyzed numerically, with taking into account the connectivity between the temperature and the displacement fields as well as without such accounting.
Introduction
In exploitation of many devices, whose constructive element is a hollow electroconductive cylinder, such cylinder is subjected to the influence of non-stationary electromagnetic fields (EMF), including the one of the impulse nature [1] . Impulse electromagnetic field creates the volume non-stationary Joule heat sources Q and ponderomotive forces F [2] [3] [4] [5] [6] in the cylinder. These two physical factors contribute to the appearance of the non-stationary temperature field T and the field of mechanical movements U . These fields are interconnected in general. In [2, [7] [8] [9] ] the investigation of thermostressed state (TSS) of a layer with plane-parallel boundaries under the heat action, under the induction heating caused by the steady EMF and under the action of impulsed EMF on account of thermostatic energy dissipation process is presented. However, the influence of impulsed EMF on thermomechanical behavior of the hollow cylinder taking to account the process of thermostatic energy dissipation was studied not enough.
In this paper, the mathematical formulation of the coupled dynamic problem of thermomechanics for a long hollow electroconductive cylinder under the homogeneous non-stationary electromagnetic action is considered. The method of its solving uses an approximation of distributions of all key functions over the thickness of the cylinder in radial variable r by cubic polynomials and the integral Laplace transform in time t. The thermomechanical behavior of the cylinder under the electromagnetic impulse (EMI) action accounting the process of thermostatic energy dissipation and without such consideration is numerically investigated.
Mathematical formulation of the problem
Let us consider a long hollow electroconductive cylinder reffered to the cylindrical coordinate system (r, ϕ, z), the axis Oz of which coincides with the axis of symmetry of the cylinder. The material of the cylinder is homogeneous, isotropic and nonferromagnetic, and its physical and mechanical characteristics are constant. The cylinder is under the action of non-stationary EMF, which is given by the values of the axial component H z of the magnetic field stress vector H(r, t) on the inner r = r 0 and outer r = r 1 surfaces of the cylinder
Here H ± z (t) is the given time t functions. The surfaces r = r 0 and r = r 1 of the cylinder are heat insulated and free of power loading.
Under these conditions, the estimated model for determination of thermostressed state of the cylinder has two stages: at the first stage from the equations of electrodynamics the magnetic field stress vector H in the cylinder and caused by it Joule heat ejection Q and ponderomotive forces F are determined and at the second stage from the equations of connected dynamic problem of thermoelasticity the temperature field T and the radial component U r (r, t) of the movement vector U = {U r (r, t); 0; 0} and the corresponding components σ jj (j = r, ϕ, z) of the stress tensorσ are determined.
Based on the Maxwell's equations the nonzero axial component H z (r, t) of the magnetic field stress vector H = {0; 0; H z (r, t)} can be determined from the equation
under the boundary conditions (1) and zero initial condition
Here σ is the electroconductivity coefficient, µ is the magnetic penetration of material of the cylinder. Using obtained function H z (r, t) the specific densities of Joule heat ejection Q(r, t) and ponderomotive force F = {F r (r, t); 0; 0} are presented in the form
The temperature T (r, t) and radial component U r (r, t) of the movement vector are determined from the system of equations for the connected dynamic problem of thermomechanics for the cylinder
Here κ, λ, ν, α are the temperature and the thermal conductivity coefficients, Poisson's coefficient, the linear thermal expansion coefficient; E is the Young's constant; ρ is the density of material of cylinder; c = E(1 − ν)/ (ρ(1 + ν)(1 − 2ν)) is speed of elastic wave of expansion; ε * is the parameter that characterizes the connectivity of strain and temperature fields. The system (5) is solved under the boundary conditions
of heat insulation of surfaces r = r 0 and r = r 1 , conditions of absence of power loading on these surfaces ∂U r (r 0 , t) ∂r
and also zero initial conditions.
From the resulting functions T (r, t), U r (r, t), the radial σ rr , circular σ ϕϕ and axial σ zz components of the stress tensor were determined by the expressions
3. The method of solving the problem
To construct the solutions of the described above initial boundary value problems of electrodynamics (1)- (3) and connected thermoelasticity (5)- (8), we use an approximation of determining functions in radial variable by cubic polynomials [10] . Solutions of defined above initial boundary value problems of electrodynamics (1)-(3) and connected thermoelasticity (5)-(8) were constructed using an approximation of determining functions Φ(r, t) = {H z (r, t), T (r, t), U r (r, t)}, in radial variable by cubic polynomials
The coefficients a i (t), b i (t), c i (t) of approximation polynomials (10)- (12) are taken in the form of linear combinations
and integral characteristics of axial component H z (r, t) of the vector H
the temperature T (r, t)
the radial component U r (r, t) of the vector U
and functions that describe the limit values of determining functions Φ(r, t) on the surfaces r = r 0 and r = r 1 of the cylinder. The equation for finding integral characteristics H zs (t) (s = 1, 2) of the function H z (r, t) is obtained by integration of the equation (2) according to the formula (16) and using expressions (10), (13). As a result, the system of equations for functions H zs (t) was obtained
which according to (3) is solved for zero initial conditions. Here
Bt integrating the system of equations (5) according to the expressions (17), (18) and using the representations (11), (12) , (14), (15) we obtain the following system of four interconnected equations to determine the integral characteristics T s (t) and U rs (t), temperature T (r, t) and radial movements U r (r, t).
Here
where
According to the conditions (8), the system of equations (20) is solved for zero initial conditions on integral characteristics T s (t) and U rs (t) of temperature T (r, t) and radial motions U r (r, t). To find solutions of the Cauchy problem for functions H zs (t), T s (t) and U rs (t) that are described by systems of equations (19) and (20) at zero initial conditions on these functions, the integral Laplace transform in time variable t is applied to equations of systems (19) and (20). Then systems of algebraic equations regarding to transformants of the functions H zs (t), T s (t) and U rs (t) are obtained
Here p is the parameter of Laplace transform, and the top line describing the Laplace transformants of the respective functions. The systems (21) and (22) are solved by Cramer's rule. We use Theorems of expansion and of the functions convolution to the obtained transformants of solutions of these systems. As the result the solutions of (19) are obtained in the form
Solutions of the system (20) have been written in the form
),
Substituting expressions (23)- (24) into (10)- (15), we obtain the general solution of the coupled problem of thermomechanics for the considered electroconductive cylinder under homogeneous nonstationary electromagnetic action.
Investigation of amplitude-frequency characteristics of radial stresses under amplitude modulated radioimpulse (AMRI)
The AMRI action is mathematically described by the function [11]
Here k is a normalizing factor; H 0 is the maximum value of the magnetic field stress on the surfaces r = r 0 and r = r 1 ; β 1 and β 2 are parameters corresponding to times of fronts growth τ iner and decay τ decr. of AMRI; ω is the frequency of withstanding electromagnetic waves. Substituting (26) into the obtained expressions of integral characteristics (23)-(24) and using formulas (10)- (15) we can write down the solution of the problem of thermomechanics for the considered electroconductive cylinder under the AMRI action. Numerical analysis of the obtained solution was done for the electroconductive cylinder made of steel H18N9T with radiuses r 0 = 19 · 10 −3 m, r 1 = 21 · 10 −2 m. The AMRI duration τ i assumed to be τ i = 10 −3 s, τ i = 10 −4 s, τ i = 10 −5 s. The parameters β 1 and β 2 were selected so that τ iner /τ decr ≈ 0.1.
The eigen frequencies of mechanical vibrations of the cylinder in connected and nonconnected problem formulations were analyzed based on the characteristic equation (25).
Putting ε * = 0 in this equation, we get the known equation to determine eigen frequencies in the case of nonconnected problem of thermomechanics for the hollow electroconductive cylinder.
For the selected cylinder parameters, the following values of the first two eigen frequencies of mechanical vibration ω vs (s = 1, 2) in the case of nonconnected [12] of radial stresses σ rr (r, t) for selected AMRI durations was made, the research results are presented in Fig. 1 .
The solid curves correspond to AFC of radial stress in connected and dashed lines-in non-connected case. We obtained that on resonant frequencies of EMF equal ω rs ≈ 1/2 ω vs and ω * rs ≈ 1/2 ω * vs that is, in non-connected ω r 1 = 4.38 · 10 6 rad/s; ω r 2 = 15.76 · 10 6 rad/s and connected ω * r 1 = 4.48 · 10 6 rad/s; ω * r 2 = 16.23 · 10 6 rad/s statements of the problem of thermomechanics we have the shifts of AFC peaks. The maximum values of radial stresses in the case of connected and non-connected thermomechanic problems practically coincide.
Conclusions
The application of approximations for all determining functions with respect to the radial variable by cubic polynomials makes it possible to reduce solving the corresponding initial-boundary value problems for these functions, which are the components of the complex coupled problem of thermomechanics for an electroconductive hollow cylinder under homogeneous non-stationary electromagnetic action, to the corresponding Cauchy problem for integral characteristics for these functions. The solutions of the Cauchy problem in the form of functions convolution, which describe the uniform solutions and the limit values of the determining functions over the whole time period of nonstationary electromagnetic action were found.
The study of the AFC radial stresses shows that their peak values increase linearly with the increase of radioimpulse duration, for connected and non-connected thermomechanics problems are practically the same.
